The chemical and morphological transformations of condensed phase species of a thorium-based modifier were studied over the temperature range 200-2500 1C, without and with the presence of aluminium and silicon as matrix components, and in some instances, arsenic as an analyte element. A similar study was also conducted with palladium as the modifier, for comparison. Results were derived using scanning electron microscopy (SEM), energy dispersive (ED) X-ray spectrometry, Raman microanalysis and attenuated total reflectance (ATR) Fourier transforminfrared (FT-IR) spectrometry. Comparable results were found using pyrolytic and non-pyrolytic graphite platforms, with processes occurring at slightly higher temperatures on the pyrolytic graphite platform. With thorium as the modifier, metal oxides were the predominant species on the platform surface at relatively low temperatures (o1500 1C), whereas metal phases became prevalent at high temperatures, when thorium and aluminium tended to behave independently from one other. Some spatial variations in the composition of the salt residues on different regions of the platform were observed (from the region closest to the slot in the tube, to the region furthest from the slot). Nonetheless, thorium metal remained on the graphite platform to higher temperatures than did aluminium metal. In the presence of arsenic, the existence of mixtures of thorium and arsenic oxides, just before the appearance temperature of gas phase arsenic atoms, was confirmed by SEM studies, ED X-ray spectra and Raman microanalysis. This suggests that any modifying effect of thorium on arsenic occurs while the modifier is in the oxide phase rather than in the metal phase. The presence of silicon added as silica, did not influence significantly the thermochemical behaviour of mixtures of thorium and aluminium. However, coexistence of silicon and arsenic oxides at the appearance temperature of the atomic absorption signal of arsenic was obtained, confirming that silicon can act as an internal modifier for arsenic. In the presence of palladium, aluminium exhibited greater interaction with the modifier; consequently, aluminium metal was retained on the platform surface to higher temperatures than thorium, which could explain how interference effects of aluminium on e.g. arsenic are avoided or reduced. Similarly, there was evidence for interaction of palladium and arsenic in the reduced state. However, when aluminium and silicon were present, the transformation of the palladium oxide to the metallic state was affected, which could diminish the modifying benefits of palladium for arsenic in the presence of aluminium.
Introduction
A chemical modifier is often required to overcome interferences from matrix components in the determination of volatile analytes by electrothermal atomic absorption spectrometry (ETAAS). The most routinely selected chemical modifier has been palladium, used either singly or mixed with other metals. [1] [2] [3] The stabilising effect of a palladium modifier is thought to be achieved through the formation of analyte-palladium binary compounds, [4] [5] [6] [7] [8] or dissolution of the analyte in molten palladium. The main benefit of palladium-base modifiers is the increase in the pyrolysis and atomization temperatures that can be achieved for many relatively volatile elements. Other platinum group metals and oxide/carbide-forming elements, have also been used to good effect as modifiers in ETAAS. [8] [9] [10] Thorium has been shown to work successfully when added in solution as a single chemical modifier for the determination of arsenic 9, 10 in samples containing aluminium, such as coal fly ashes. It is well known that aluminium can cause severe interferences in the determination of arsenic by ETAAS. chemical modifier has still to be confirmed unequivocally. Furthermore, little is known about the chemical interaction of the modifier with components in the sample matrix.
In this work, condensed phase thorium species formed on a graphite platform during the heating of thorium nitrate, added in solution or used as a permanent modifier, have been studied. Experiments were carried out over a wide temperature range with thorium in an increasingly more complex matrix, containing arsenic as the analyte, aluminium nitrate as an interferent, and silica as a concomitant species. The main objectives of the study were to investigate the mechanism of the thermal transformation of the thorium species and to assess the effects of possible interactions between the species. It was anticipated that the information derived would contribute to the understanding of both modification and interference effects in separate studies on the determination of arsenic by ETAAS. Similar experiments were conducted using palladium as the modifier. Characterization of the condensedphase species followed similar methodology to that described elsewere, 16 and involved analysis by scanning electron microscopy (SEM), energy dispersive (ED) X-ray spectrometry, Raman microanalysis and attenuated total reflectance (ATR) Fourier transform-infrared (FT-IR) spectrometry. Electron probe techniques have proved to be very powerful tools for morphological visualization and chemical identification of solid micro-particles on the surface of graphite platforms. [15] [16] [17] [18] [19] [20] [21] [22] However, the information derived mainly concerns the major transformations experienced by the matrix components and/or chemical modifiers in the injected solution, and only relatively high concentrations of the analyte. Other authors have used alternative techniques including Rutherford backscattering, synchrotron X-ray absorption spectroscopy, and mass spectrometry, among others, [23] [24] [25] [26] for evaluation of condensed-phase species on a graphite platform over a shorter temperature range than considered in this study.
Experimental
Instruments and operating conditions Electrothermal atomic absorption spectrometry. A Thermo Jarrel Ash atomic-absorption spectrophotometer (SH 11), equipped with a CTF-188 graphite atomizer and SmithHieftje background correction, was used. The operation of the CTF-188 atomiser and calibration of the temperature settings with an optical pyrometer have been described previously. 16, [20] [21] [22] Standard uncoated rectangular graphite tubes, and standard pyrolytic graphite coated graphite platforms and standard uncoated non-pyrolytic graphite platforms were used for atomization. The platform was inserted into the tube via a slot along the side of the tube, below the sample injection hole (Fig. S1 ).w A syringe was used to inject manually 10 ml of the solutions into the graphite atomizer at room temperature. The temperature programme of the atomiser, shown in Table 1 , was always fully completed from the dry to cleaning stages. However, the temperatures for the pyrolysis, atomisation and cleaning stages were raised in consecutive cycles over the range 200-2500 1C. A combination of ''gas on'' (Ar, 99.995% purity) and ''gas off'' modes was used in order to mimic the normal situation of analysis by ETAAS. Once the selected maximum platform temperature had been held for the chosen time, the platform was cooled to room temperature and placed in a dessicator until analysis of the dried deposit on the surface.
The thorium deposition process carried out to obtain the permanent modifier conditions was as follows: 40 ml of a thorium solution (1000 mg l À1 ) was deposited on to the graphite platform and subjected to a series of heating cycles of increasing temperature (500, 1000, 1500, 1800 1C and 2500 1C). The thorium deposition process was repeated five times and then the platform surface was examined with scanning electron microscopy (SEM) to ensure that the chemical composition and morphological characteristics of the solid residue were as expected.
Scanning electron microscopy. Electron microprobe analysis of the graphite atomizer surface was performed with a JEOL scanning electron microscope (Model JSM-6100), equipped with an energy-dispersive X-ray detecting system (LINK) operated under the recommended conditions (15 kV acceleration voltage and 5 nA probe current). The spatial coincidence of two selected elements in the spatial distribution maps has been indicated in the figures using red and green dots.
Raman spectrometry. The Raman spectra were obtained using a Renishaw spectrometer fitted with a CCD detector and an Olympus optical microscope. Raman spectrometry measurements were performed at room temperature using the 514.5 nm line of an argon ion laser as the excitation source, at a nominal power level of 100%; in some instances, the power had to be reduced due to saturation of the detector. The experimental conditions were 10 s accumulation time, 1 min acquisition time, a Â20 objective and a scan range of 200-4000 cm À1 . Raman results were processed using GRAMS20 software.
Fourier transform infrared spectrometry. Infrared spectra in the region 400-5000 cm À1 were recorded on a Perkin Elmer System 2000 Fourier transform spectrometer (Norwalk, CT, USA) equipped with an air-cooled deuterium tryglicine sulfate (DTGS) detector. The attenuated total reflection (ATR) measurements were made with a Perkin Elmer in-compartment . In an effort to minimize problems from avoidable baseline shifts, the spectra were baseline-corrected and normalized using the maximum-minimum normalization function in the OPUS software.
A pH-meter (Crison model Digit 505) was used to measure the acidity of the aqueous phase when necessary. A Mettler AE 240 semi-micro analytical balance (sensitivity AE 0.01 mg) was used to weigh the chemicals.
Chemicals
Thorium, aluminium and arsenic stock solutions (10 000 mg metal ml À1 ) were prepared by dissolving a suitable amount of thorium nitrate, aluminium nitrate and arsenic (III) oxide, respectively, in an appropriate volume of distilled, de-ionized water (resistivity 18 MO cm). Palladium stock solutions (10 000 mg metal ml
À1
) were obtained by dissolving palladium chloride in 1.0 ml concentrated HCl (d = 1.19, and 37.9% w/w) and diluting with water. Silicon stock solutions (10 000 mg metal ml
) were prepared by dissolving silica in the smallest possible amount of 0.1 M NaOH solution and diluting with water. Working solutions were prepared prior to their use by dilution of the stock solutions with distilled, de-ionized water. All chemicals used in this study were of analytical reagent grade and were obtained from Merck.
Results and discussion
Modifier-concomitant interactions: SEM and ED X-ray studies Analysis of the element distribution maps of the solid residue on the non-pyrolytic graphite platforms indicates that when thorium nitrate alone was heated at temperatures up to 1500 1C, thorium oxide was formed. At higher temperatures, thorium metal particles with negligible amounts of oxygen were produced. When mixtures of thorium and aluminium nitrates were heated up to 1500 1C on a non-pyrolytic platform, the element spatial distributions derived from the ED X-ray measurements suggest that a mixture of aluminium oxide and thorium oxide was produced, rather than a solid solution between aluminium and thorium, which was previously considered unlikely. 27 However, the most characteristic morphological and chemical transformations of thorium and aluminium nitrates occurred above 1500 1C. Over the temperature range 1500-2500 1C, the element distribution maps of the salt residues were different on the regions of a non-pyrolytic graphite platform located closest to, intermediate from and furthest away from the slot on the tube (see Fig.  S1w and Fig. 1 ). The outer region on the platform surface is characterized by the predominance of small irregular particles of aluminium oxide that were progressively reduced to aluminium as the temperature was increased; these deposits only had very small amounts of associated thorium (Fig. 1A) . In the intermediate region (i.e. the middle of the platform), the residues appeared to consist of a mixture of aluminium and thorium oxides, with the amount of aluminium decreasing as temperature was increased (Fig. 1B) . The salt particles produced at 2000 1C in the region of the platform furthest from the slot were comprised predominantly of thorium with little or no oxygen or aluminium (Fig. 1C) . There was also some evidence, in the element distribution maps, for an association of thorium and carbon on the particles formed at 2000 1C. The spatial variation in the distribution of the elements may have been the result of differences in either the diffusion of the metal atoms into the graphite substrate, caused by an electric field or temperature gradient, 28 or the effects of oxygen entering as air through the injection hole, or both.
The morphology of the solid residues varied markedly as indicated in Fig. 1 , detecting also important changes in their composition: flowered spherical particles, comprising a mixture of aluminium and thorium oxides; doughnut shaped particles of between 5 and 20 mm diameter, made up mainly of thorium metal; and irregular particles, also constituted by thorium. Many of the flowered spherical particles resembled keplerate-type molecules. 29, 30 These clusters can condense into a variety of polyoxometalates with a considerable variety of charge and framework architecture that exhibit large spherical cavities, making them attractive candidates to host Keggin ions. The formation of framework structures could be the reason for the stabilizing effect of certain modifiers (such as thorium) on metal analytes in ETAAS. Closer examination reveals that the flowered spherical particles comprise three superimposed layers that are different in their composition and morphology. The outer layer exhibits irregular thorium metal particles (Fig. S2A, a-fw) and star-shaped features, also comprising mainly thorium (blue diamond, Fig. S2Bw) . Fig. S2Bw) .
When pyrolytic graphite platforms were used, the thermal transformations observed were generally comparable to those obtained with non-pyrolytic graphite. However, the platform had to be heated for longer (e.g. 4 s) and/or to a slightly higher temperature to achieve the same chemical and morphological changes. With thorium nitrate alone, smaller particles (1-13 mm) of thorium oxide were formed on pyrolytic graphite platforms than on a non-pyrolytic graphite surface (10-50 mm). When mixtures of thorium and aluminium nitrate were heated, a mixture of metal oxides also existed on pyrolytic graphite platforms heated up to 1500 1C. Above 1500 1C, spatial variations in the composition and morphology of the solid residues were also noted, although distinctions between the residues at the three regions on the platform, in relation to the slot in the tube, were not as clear.
Overall, variations in the morphology and chemical composition of the solid residues indicate that aluminium and thorium oxides undergo different, and perhaps independent, thermal transformations above 1500 1C, which are probably influenced by temperature and oxygen concentration gradients existing in the graphite tube. At the higher temperatures, the residue is predominantly thorium. Consequently, through repeated injection and thermal treatment of a concentrated thorium solution, it is possible to build up layers of thorium metal on the surface of the platform and so produce a permanent modifier on the graphite (for both pyrolytic and non-pyrolytic platforms).
Silica exists in many types of sample such as coal fly ashes. The presence of silicon, as silica, altered slightly the thermal behaviour of the thorium modifier and the aluminium interferent, depending on the platform location and temperature. Up to about 1500 1C, a mixture of metal oxides existed, forming spherical (12-21 mm) and irregular (27-52 mm) particles. However, at higher temperatures, changes in the morphology and chemical composition of the particles occurred, depending on the location on the platform; in general, these transformations occurred at lower temperatures than for the Al-Th mixture without silicon. In the outer region of the platform closest to the slot in the tube, spherical particles were predominant, mainly composed of a mixture of oxides (12-24 mm) and smaller alumina particles (2-6 mm) with occasionally very low amounts of thorium. In the inner region of the platform, thoria and silica were the prevalent species, but mainly occurred separately. Spherical particles containing both alumina and thoria could be identified, but were probably discrete chemical entities (Fig. S3w) . All the elements (Al, Si, Th) tended to behave independently as the atomiser temperature was increased, with the relative amounts varying with the location on the platform: outer region, Al 4 Si 4 Th; intermediate region, Si 4 Al 4 Th, and inner region, Th Z Si 4 Al. Other observations were that the relative oxygen content of the particles decreased more at the inner region of the platform and that aluminium vaporised at lower temperatures than thorium and silicon, which were only produced from the corresponding oxides at very high temperatures. These observations indicate that the modifying attributes of thorium are not likely to be affected by the presence of aluminium and silicon in samples. Also, the vaporisation of aluminium is not affected by thorium (i.e. aluminium is not retained by thorium).
When thorium was replaced by palladium, the chemical transformations observed were quite similar up to about 1300-1500 1C. At higher temperatures, metal (Pd, Al) oxides were transformed into the corresponding metal phases, particularly from small particles (Fig. S4w) , but with some differences in the transformation rate for each element. The spatial variation in the distribution of aluminium on the platform in the presence of palladium was not as pronounced as for addition of thorium as the modifier. Palladium metal appeared on the graphite surface at lower temperatures than aluminium metal (Fig. S4w) . It was found previously that complete transformation of the PdO -Pd above 950 1C yielded metal particles, which are thought to be very difficult to re-oxidize upon cooling. 31 At 1800 1C, some alumina particles appeared to be surrounded by a few protuberances of Al-Pd alloy (Fig.  S4w) . The formation of Al-Pd alloy became more pronounced at 2000 1C, although there were areas of the platform surface containing some palladium metal particles and separate aluminium metal phases, which remained until higher temperatures than for the thorium case. As observed for the Al-Th system, the presence of silicon only slightly affected the thermochemical behaviour of Al-Pd. In general, the amount of aluminium and oxygen in the salt deposits decreased with temperature, mainly above 1800 1C, and this was more pronounced at the inner region of the platform than for the outer region, closest to the slot in the tube (Fig. S5w) . In comparison with the thorium experiments, aluminium metal was more commonly observed in the presence of palladium and spatial separation of the three elements (Al, Si and the modifier) was also less frequently encountered than in the presence of thorium. Elemental aluminium, palladium and silicon usually appeared at about 1800 1C, but the relative amount of aluminium metal seemed to be greater than when thorium was used as the modifier. Formation of Al-Pd alloys as small particles only occurred once the metals had been produced. When aluminium vaporised from the alloy at higher temperatures, there was evidence that silicon and palladium combined in some particles (Fig. S5w) . The observations with palladium present in the mixture rather than thorium, indicate that there are greater modifier-aluminium interactions with palladium than for thorium, which may be a reason for the effect on palladium on the extent of aluminium interference on arsenic.
Modifier-concomitant interactions: vibrational spectrometric studies
Raman spectra were obtained of salt residues produced at different temperatures on graphite platforms. In general, the results confirm the interpretation of the ED X-ray and SEM measurements with some additional findings. Fig. 2A shows that the characteristic peak of thorium oxide, 32 at 460 cm À1 , decreases in magnitude when 100 mg thorium nitrate was heated on a pyrolytic graphite platform to temperatures from 1000 to 2500 1C, owing to formation of thorium metal. Similar observations were made when thorium and aluminium nitrates were heated together, and when producing a coating of a permanent thorium modifier on the platform. When Raman spectra were taken at the different regions of a platform heated to 1800 1C, thorium oxide was located mainly at the intermediate and inner regions of the platform, but not at the outer region, closest to the slot (Fig. 2B) , where the amount of thorium found to be negligible. There was no evidence for the transformation of hydroxyaluminium species into aluminium oxide, as the Raman spectra do not contain the typical peaks assigned to Al-O-Al skeletal flexing vibrations. 33 The FTIR spectra of the solid residues on pyrolytic graphite platforms heated to different temperatures are shown in Fig. 3 . The FT-IR spectra of the residues produced from thorium nitrate (Fig. 3A) have peaks at 498 cm À1 (1000 1C), 498 and 508 cm À1 (1400 1C) and 472 cm À1 (1800 1C), suggesting the presence of thorium oxide at the lower temperatures 34 and the existence of some crystalline thorium metal at higher temperatures. The FT-IR spectrum from the thorium-aluminium salt residue shows bands at 462 cm À1 and other less intense peaks at 482, 488, 508 and 515 cm À1 at 1000 1C (Fig. 3B) , which are characteristic of Th-O bands in ThO 2 lattices. 34 At 1400 1C, the FTIR spectrum has weak bands at 506, 521 and 523 cm À1 , while at 1800 1C the previously identified peaks were not seen (Fig. 3B) . Absorption bands of aluminium species, as well as peaks attributed to Th-Al vibrations, 35 were not observed. When silicon was added to the mixtures Th-Al and Pd-Al and submitted to the same thermal treatments, the presence of silica at low temperatures and silicon at high temperatures was confirmed by Raman spectra 36, 37 ( Fig. 4 and 5 ). Peaks at Fig. 2 Raman spectra of (A) 100 mg of thorium (as nitrate) on pyrolytic graphite platforms heated to different temperatures and (B) 100 mg each of aluminium and thorium nitrates on three different locations of a non-pyrolytic graphite platform heated to 1800 1C. confirm the formation of polycrystalline silicon films and amorphous silicon, respectively. However, transformation to silicon carbide seems to be also plausible at high temperatures (1800 and 2200 1C), as confirmed by the peak at 976 cm À1 . 38, 39 Alumina and thoria phases were also confirmed in the presence of silicon. No metal interactions seem to occur for aluminium and thorium, confirming independent behaviour at high temperatures after reduction to the corresponding metal.
Modifier-analyte interactions
It was not possible to make measurements of arsenic species at typical analyte concentrations with the surface analysis techniques here used. However, measurements were made with higher amounts of arsenic to derive some information about possible interactions between the modifier (Th or Pd) and the analyte, with and without the presence of silicon. SEM studies and ED X-ray spectra demonstrated the coexistence of thorium, oxygen and arsenic, just before the appearance temperature (1200-1300 1C) of gas phase arsenic atoms (Fig. 6A) . It is likely, therefore, that interactions between thorium and arsenic take place mainly through the formation of a mixture of oxides, as the Th/O intensity ratios derived from ED X-ray spectra are lower when arsenic is present. The existence of mixtures of thorium oxide and arsenic oxide was also confirmed by Raman spectrometry (Fig. 7A) . The peak at 465 cm À1 is characteristic of thorium oxide, whilst the peaks at 258, 707 and 795 cm À1 were assigned to amorphous arsenic,
As-OH and As-O, 40, 41 respectively. Arsenic oxide was also found in the presence of aluminium alone, as well as for Th/Al and Th/Al/Si mixtures.
When thorium was replaced by palladium, results obtained with ED X-ray spectrometry confirmed the hypothesis that As-Pd interactions take place in the absence of oxygen, particularly for small solid particles, at the appearance temperature of the gas phase arsenic atoms (B1300 1C), when only both elements are in the atomiser (Fig. 6B) . It was also observed with Raman spectrometry that palladium was generally present as palladium metal, although slight surface oxidation seemed to occur as evidenced by a peak at 636 cm
À1
. 42 The existence of PdO crystals on areas of the platform close to the injection slot, where oxygen is more accessible, was confirmed by the appearance of a characteristic peak at 651 cm À1 (Fig. 7B) . 43 Results for palladium-arsenic interactions derived in the presence of aluminium (and silicon) showed the spatial coexistence of oxygenated metal species (Fig. S6Aw) at 800 1C. Palladium oxide is mixed together with alumina and some chlorine, as palladium chloride was the salt used. This suggests that the behaviour of palladium as a chemical modifier may be altered by the presence of some concomitants.
In a similar way, evidence for interaction of silicon with arsenic was also obtained. Mixtures of silicon and arsenic oxides were indicated by the spatial coexistence of the elements on the platform, as illustrated by SEM and ED-X ray spectrometry, as well as by Raman spectra taken from the same location of the platform (Fig. S6Bw) 
Conclusions
Analyses of salt particles on the surface of platforms heated to different temperatures have allowed observation of the morphological and chemical transformation of thorium and Fig. 5 Raman spectra of pyrolytic graphite platforms containing 100 mg each of aluminium nitrate and palladium chloride, and 100 mg silicon, heated to 1500, 1800 and 2200 1C. palladium modifiers, with and without the presence of aluminium and silicon as concomitant species. The study has also provided some information on the interaction of each modifier with arsenic and how this could influence interference effects of aluminium on determination of arsenic by ETAAS, although the mass of arsenic used in the study was higher than in normal measurements with ETAAS. A main conclusion is that the modifying effect of palladium could be affected by the presence of concomitant species more than that of thorium, although this will be investigated further through a separate study. This investigation has shown that the primary modifying effect of thorium involves the oxide and that of palladium, the metal. The latter finding was expected and agrees generally with the conclusions of other authors 4-8 for a similar situation, where the most plausible mechanism of action is reduction of arsenic oxide by the palladium modifier. 5 No dissociative chemisorption of the analyte compounds on the surface of palladium metal 4 and no graphite-arsenic-palladium interactions 6 seem to contribute strongly to the stabilization process. SEM and ED-X ray measurements show that in the presence of aluminium, palladium forms Pd-Al species that result in the aluminium remaining on the platform to higher temperatures than achieved with thorium, where no direct interaction was observed. However, in the presence of silicon, added as silica, the chemical transformation of palladium was disrupted, with evidence of the association of palladium, aluminium and silicon. Interestingly, there was also some indication that silicon could have a modifying action on arsenic. The adverse effect of concomitant species on the modifying action of palladium has also been revealed in preliminary experiments involving addition of 1-3 M concentrations of nitric acid to sample solutions. The presence of the acid caused the oxide of palladium to persist, adversely affecting the control of the interference effects of aluminium on arsenic; in contrast, the efficacy of the thorium was less affected by nitric acid, as the modifier acts through formation of the oxide. These observations require further investigation and results will be reported in a complementary paper.
